The levels of intramolecular plasmid recombination, following transfection of a plasmid substrate for homologous recombination into normal and immortally transformed cells, have been examined by two independent assays. In the first assay, recovered plasmid was tested for DNA rearrangements which regenerate a functional neomycin resistance gene from two overlapping fragments. Following transformation of bacteria, frequencies of recombinationlike events were determined from the ratio of neomycin-resistant (recombinant) colonies to ampicillin-resistant colonies (indicating total plasmid recovery). Such events, yielding predominantly deletions between the directly repeated sequences, were substantially more frequent in five immortal cell lines than in any of three normal diploid cell strains tested. Effects of plasmid replication or interaction with T antigen and of bacterially mediated rejoining of linear molecules generated in mammalian cells were excluded by appropriate controls. The second assay used limited coamplification of a control segment of plasmid DNA, and of the predicted recombinant DNA region, primed by two sets of flanking oligonucleotides. Each amplified band was quantitated by reference to a near-linear standard curve generated concurrently, and recombination frequencies were determined from the ratio of recombinant/control DNA regions. The results confirmed that recombinant DNA structures were generated within human cells at direct repeats in the transfected plasmid and were markedly more abundant in an immortal cell line than in the diploid normal cells from which that line was derived.
Genetic heterogeneity is one of the most remarkable and pervasive characteristics of established or immortal cell lines, especially those of high tumorigenicity (6, 32, 33, 53) . Whereas normal cells in vivo or in culture are predominantly or entirely diploid, tumors and immortal cell lines are invariably aneuploid. Such transformed cells exhibit frequent chromosomal alterations, in particular translocations (53) and gene amplifications (6, 37) , some of which are associated with specific tumor types (6, 24, 53) . They also undergo progressive dedifferentiative changes in gene expression, such as ectopic production of gene products (typically embryonal genes) which are not found in normal differentiated cells of that type (32) , and clonal loss of gene products which would be expressed in normal cells of that type (33) . These factors imply a fundamental shift toward genetic instability associated with transformation to immortality and tumorigenesis. Although homologous recombination is a likely common mechanism for DNA translocation and amplification (1, 10, 17) and a possible mechanism for alterations in gene expression (6, 24) , recombination frequencies have not been directly compared between immortally transformed cell lines and normal diploid cells.
Most carcinogens prove to be mutagenic when assayed in Salmonella His-reversion assays which are specific for point or frameshift mutations (6) , but many are poorly detected by such mutation assays, resulting in concordances of -60% (23, 46) . It has been argued that DNA rearrangements are strongly implicated, perhaps even more than point mutations, in carcinogenesis (6, 30, 51, 53) , a view supported by the remarkably large fraction of spontaneous somatic mutations which are DNA rearrangements, primarily deletions (9) .
As a first step in evaluating the role of recombination in cell transformation to unlimited replicative potential (immortality), we have compared rates of extrachromosomal plasmid recombination in normal diploid versus immortally transformed aneuploid cells. We report here a striking increase in immortal cell lines, relative to vigorous normal diploid cell strains, of plasmid rearrangements with features of homologous recombination.
MATERIALS AND METHODS
Human diploid fibroblast strains. MRC5 cells were derived from normal human fetal lung; strains A2 and J089 were obtained from forearm biopsies of male donors, ages 11 and 68, respectively. These strains have replicative life spans in our laboratory of approximately 70, 65, and 44 mean population doublings, respectively.
Immortally transformed human cell lines. MRC5-SV cells were derived by simian virus 40 (SV40) transformation of MRC5 fibroblasts. HeLa-A and HeLa-B cells are subclones of the HeLa cervical carcinoma cell line, presumed to have been transformed by papillomavirus (8) . CACL-73-36 cells were obtained from a human myeloma; 293 cells are adenovirus-transformed human kidney cells. XPA-SV (GM 5509; National Institute of General Medical Sciences Human Genetic Mutant Cell Repository, Bethesda, Md.) cells are and recovered by conventional procedures. Cell lines and strains were maintained at 37°C under 5% CO2 in Eagle minimal essential medium supplemented with 15% fetal calf serum. Cells were grown to approximately 95% confluence for transfection by DEAE-dextran with dimethyl sulfoxide shock and were thereafter treated as described by Lopata et al. (29) , using 5 ,ug of plasmid DNA per 100-mm dish of cells.
Plasmid DNA recovery from mammalian cells. Plasmid was extracted from infected cells by the method of Hirt (19) , with the following additional purification steps (S. Subramani, personal communication). The genomic Hirt supernatant, after centrifugation for 15 min at 46,000 x g at 0°C, was recovered and centrifuged again. Each supernatant (-0.9 ml) was mixed with 100 ,ul of 3% sodium dodecyl sulfate-0.25 M EDTA-0.5 m Tris hydrochloride (pH 9.5) and heated for 15 min at 65°C. Samples were cooled on ice and mixed with 0.2 ml of potassium acetate (pH 4.8). After 1 h at 0°C, they were centrifuged as described above. Samples were extracted twice with 1:1 phenol-chloroform and twice with 24:1 chloroform-octanol. Aqueous phases were precipitated with 1 volume of isopropanol at -20°C for 16 h and centrifuged as described above. Pellets were suspended in 450 Rl of 1 x TE (10 mM Tris hydrochloride, 1 mM EDTA [pH 8.3]) and incubated for 15 min at 37°C with 20 ,ug of RNase A per ml. LiCl was added to 0.8 M, and samples were precipitated with 2 volumes of ethanol at -20°C for 16 h and centrifuged as described above. Dried pellets (each representing one to two dishes of cells) were resuspended in 100 [ul of lx TE.
Quantitation of recovered plasmid DNA. Both undigested and EcoRI-digested samples of Hirt extracts (as described above) were run on 1% agarose gels. Plasmid recovery was quantitated by ethidium bromide fluorescence of bands in gels or by autoradiography after alkaline blotting (31) onto nylon membranes (Zeta-Probe; Bio-Rad Laboratories) and hybridization (13) to 32P-pBR322 probe, homologous to 2.3 kilobase pairs (kbp) of DR1 (PvuII-EcoRI).
Bacterial assay of plasmid recombination. Low-molecularweight DNA recovered from mammalian cells and from plasmid DNA controls was used for transformation of competent DH5 bacteria (18) . Competent cells were stored at -70°C for up to 8 months with no appreciable loss in efficiency, which ranged from 0.4 x 109 to 1.1 x 109 colonies per ,ug of pUC19 plasmid. Recombination assays used 2 to 16 ng of recovered plasmid DNA per 400 [1I of bacteria (>2 x 108 competent cells), which was then concentrated by centrifugation and suspension in SOC medium (18) before being plated onto ampicillin and neomycin plates.
Plasmid recombination assay by polymerase chain reaction, using primers flanking the homologous region. The in vitro amplification by TaqI DNA polymerase of DNA sequences primed with flanking synthetic oligonucleotides (polymerase chain reaction, or PCR) has been performed essentially as described by Saiki et al. (36) . Two oligonucleotide primers (NP28 and NP30') were synthesized, flanking the overlap region of the gene encoding neomycin resistance (Neor), and two control primers (CP24 and CP25') were synthesized, situated 300 bp apart near the pBR322 ori (see Fig. la and b) . The Background amplification can be kept extremely low in the TaqI polymerase reactions, by the use of GC-rich primers larger than 24 nucleotides coupled with an appropriately high annealing temperature.
Statistics. Differences between means are tested for significance level by the Behrens-Fisher test, a stringent version of the Student t test appropriate to comparisons of samples with any n c 10 (20) . Significance levels are indicated as either P2 for a two-tail t test, or P1 for a single-tail integral, for which the sign of X1-X2 has been determined.
RESULTS
Transient assay of plasmid recombinant frequency. In order to compare transformed immortal cells with diploid cells of limited replicative potential, homology-dependent DNA rearrangements were assessed for plasmid markers introduced in a transient assay. Cells were transfected with plasmid DR1 (34) , which contains two incomplete but overlapping fragments of the Neor gene separated by a 2.9-kbp Escherichia coli gpt gene (Fig. 1) . The 5' and 3' Neor gene fragments, in the same orientation, share a 420-bp region of overlap such that homologous recombination between the duplicated segments would produce a single, complete neomycin resistance gene. Plasmid recombination thus refers here to the generation of functional (recombinant) Neor genes from two nonfunctional overlapping gene fragments and is not intended to imply either a mechanism or random exchange of flanking markers (see Discussion). The DR1 plasmid also contains a functional gene encoding ampicillin resistance (Ampr), external to the potential recombination region and thus not deleted during intramolecular homologous recombination, and an SV40 ori-promoter region just 5' to the split Neor gene (Fig. la) .
The assay of plasmid recombination was essentially as described for COS cells by Rubnitz and Subramani (34) and by Ayares et al. (4) . Closed-circular plasmid DNA was introduced into mammalian cells, using DEAE-dextran with dimethyl sulfoxide shock (4, 29, 44) because of its very high uptake efficiency (29, 44) , greater reproducibility (29) , and substantially better recovery of Ampr colonies (5) modification of the procedure by Hirt (19) . Plasmids were tested for generation of recombinant Neor genes in E. coli DH5, which is more stringently RecA-than HB101 cells (18) , thus minimizing the background of bacterial recombination. The DH5 cells were made competent (18) , with transformation efficiencies of 0.4 x 109 to 1.1 x 109, monitored by using pUC19. After transformation with pure plasmid or low-molecular-weight recovered DNA, each sample of bacteria was then scored for Neor on neomycin plates and for Ampr on ampicillin plates. Because plasmid recombination rates were calculated from the ratio of recombined (Neo9) to total (Amp) plasmids for each cell line and time point, results were internally controlled for the recovery of viable plasmid. Assays showed good agreement across a 10-to >40-fold range of Hirt supernatant or plasmid DNA inputs ( Fig. 2A and B illustrate colony yields and Neor/Ampr ratios for three DNA inputs in a single experiment).
After transformation of DH5 E. coli with DNA extracted from DR1-transfected MRC5 and MRC5-SV cells, plasmids were analyzed from six neomycin-resistant clones each. All recovered plasmid clones (12 of 12) were 5-kbp monomers, since uncut DNAs comigrated with 5-kbp circular DNA standards. Moreover, all yielded identical restriction maps consistent with homologous recombination leading to excision of the E. coli gpt gene (data not shown). These results suggest that the viable Neor plasmids recovered in this assay were formed predominantly by deletion of DNA between direct repeats.
Plasmid recombination frequency as a function of cell transformation to immortality. The fraction of recombinant plasmids increased with time after transfection into an SV40-transformed cell line (MRC5-SV), with a maximum at 36 to 48 h, but remained quite low and stable over time in the MRC5 diploid strain from which MRC5-SV cells were derived (Fig. 2C ). The proportion of recombinant (Neor) plasmids within extrachromosomal DNA increased by 10-to 20-fold in SV40-transformed MRC5 cells, compared with that in normal MRC5 cells, at 36 and 48 h posttransfection (after subtraction of E. coli background; Table 1 ). The differences between recombination rates for MRC5 versus MRC5-SV at 36 and 48 h posttransfection (6 to 13 assays each) were statistically quite significant, at P2 < 10-6 (20) .
Two additional diploid fibroblast strains, from normal donors, were examined at 24 to 48 h after transfection with DR1 plasmid. Both strains yielded low levels of plasmid recombination, comparable to the results for normal MRC5 cells (Table 1) . Four additional immortally transformed human cell lines, tested at 36 h posttransfection, supported recombination frequencies ranging from 1.5-to 4.5-fold greater than the highest normal cell value (after background subtraction; Table 1 ). Each of the five immortal cell lines tested was significantly higher in plasmid recombination than any of the three normal control cell strains (P1 < 0.025 to P1 < 10-6 for each pairwise comparison, except for J08924h versus XPA-SV [P1 < 0.05] or CACL [not significant]).
Plasmid recombination is not due to bacterial religation of DNA molecules linearized in mammalian cells. When extrachromosomal plasmid DNA recovered from transfected human cells was electrophoresed without enzyme digestion and was examined by hybridization of Southern blots to a DR1-specific probe, the resulting autoradiographs (Fig. 3 ) indicated extensive nicking of DR1 DNA soon after its introduction into mammalian cells. Although plasmids were >98% supercoiled at transfection, conversion to the nicked circular form was essentially complete by 12 to 24 h in human cells, whether diploid or SV40 transformed, with linear molecules constituting an approximately constant fraction (5 to 10%) between 12 and 48 h posttransfection.
We were concerned that linear molecules generated after transfection might then serve as preferred substrates for bacterial recombination or rejoining or both, especially in view of the relatively high frequency reported for such events (34) . However, the extent of nicking or linearization of plasmid during its residence in mammalian host cells was not correlated with recombination frequency in this assay ( Fig. 3. (B) Hirt supernatants, digested as described above but without added DR1, were tested for DR1 Neor region recombination by bacterial transformation. Error bars are ± standard error of the mean for replicate assays. Addition of 100 ng of PM2 DNA to all samples had no effect.
expression might contribute to their elevated recombination frequency. We have tested this possibility in three ways, as follows, with uniformly negative results.
(i) Replication of plasmid DNA. Replicative synthesis of plasmid DNA in mammalian cells can be detected by the appearance (after two or more replication rounds) of molecules lacking the dam-dependent adenosine methylations initially present in the plasmid. Unmethylated GATC sites are cleavable by MboI but not by DpnI, in contrast to input plasmid (methylated at these sites), which was cleavable by DpnI rather than MboI. Detection of a small fraction of replicated, DpnI-resistant DNA could be compromised, however, by incomplete digestion of fully methylated molecules (Fig. 5, lane b) , whereas plasmid sensitivity to MboI cleavage unambiguously demonstrates DNA molecules which have replicated in a host cell lacking the dam modification system. By the latter method, no resynthesis of the pBR322 sequences in DR1 could be seen for any cells tested, A2, MRC5, or MRC5-SV (Fig. 5, lanes d to g and j to m) . The absence of plasmid DNA synthesis in MRC5-SV cells was probably due to down regulation of T-antigen expression in human cells transformed by complete SV40 (16, 21) .
(ii) T-antigen binding at the SV40 ori. COS1 cells were transfected with DR3, a plasmid we constructed from DR1 by deletion of a 64-bp SfiI-HindIII fragment (SV40 nucleotides 5171 to 5234; Fig. la) (Table 2 , compare lines 2 and 3). Thus, recombination within plasmid DR1 does not appear to depend on T-antigen expression by host cells.
Quantitative analysis by PCR of elevated plasmid recombination in SV40-transformed human fibroblasts. We have examined the Neor gene overlap region of putative recombination, in low-molecular-weight DNA isolated from DR1-transfected mammalian cells, to determine whether DNA rejoining was completed within human cells and whether there was precise alignment of the Neor gene direct repeats in recombinant plasmids. At the low frequencies of recombination observed in these cells, the restriction fragments expected from recombined plasmid could not be unambiguously resolved, by Southern blot analysis, from background signal caused by degradation of unrecombined DNA present in 103 to 105 excess. The region spanned by the DR1 direct repeats was therefore amplified by PCR and then analyzed by agarose gel electrophoresis and Southern blot hybridization.
We synthesized primers NP28 and NP30', flanking the Neor gene direct repeats, which are separated by 3.7 kbp in unrecombined plasmid DR1 (Fig. la) but span only 0.49 kbp after homologous recombination (Fig. lb and diagram in Materials and Methods). A second pair of primers, CP24 and CP25', was included in reaction mixtures to prime the synthesis of an unduplicated 0.35-kbp region of DR1 (Fig. 1) , which thus provides an internal control for plasmid recovery and efficiency of amplification. Figure 6A illustrates the results of adding these primer pairs, separately or combined, to plasmid DR1 (lanes b to d) and to Hirt supernatants from DR1-transfected MRC5 (lanes e to h) and MRC5-SV (lanes i to k) cells. These data indicate that low-molecular-weight DNAs from DR1-transfected mammalian cells indeed contain recombinant molecules, as defined by the amplification of sharp bands at the predicted size of 0.49 kbp, in far greater numbers than were present in the input plasmid. The 0.49-kbp bands, confirmed by Southern blot hybridizations (data not shown) to correspond to the Neor gene direct repeat, were more abundant in extrachromosomal DNA recovered (B) Standard curves generated by PCR amplification of various inputs (2 to 500 pg) of plasmid pSV2neo DNA. Replicate samples, amplified for 13 cycles, were fractionated on agarose gels, transferred to charged nylon filters, and hybridized to [32P]DNA of the Neor gene overlap region (B in Fig. la) . Autoradiographic signals for various times were quantitated with a scanning densitometer (model GS300, Hoeffer Scientific Instruments) and corrected for exposure and 32P decay. A log-log slope of 1 (indicated by thin dashed lines), which fits data up to 50 to 100 pg, indicates a first-order or linear relation between input and signal intensity. (Fig. 6A) (Fig. 2C) . These data indicate that the fraction of recombined molecules was elevated 9-to 13-fold in MRC5-SV extracts, relative to that in MRC5, at 36 and 48 h posttransfection (Fig. 6C ).
DISCUSSION
Immortally transformed cells mediate higher levels of extrachromosomal DNA rearrangement than normal diploid cells. All five immortal human cell lines tested were significantly higher than each of three normal human strains in the bacterial assay of homology-dependent Neor gene rearrangements (Table 1) . These comparisons included MRC5-SV, an SV40-transformed cell line which generated 10-to 20-fold more Neor recombinant plasmids than did MRC-5 cells, the normal strain from which it was derived.
Clearly, there is a profound difference between these transformed cells and normal diploid cells in their processing of plasmid DNA containing direct repeats. The basis for this difference remains to be determined. We have used the term plasmid recombination to describe such homology-dependent DNA rearrangement leading to Neor plasmids, but this is not intended to imply that homologous recombination is known to be the mechanism involved.
We initially considered that the transformed cell lines might differ from normal cells only in the endonucleolytic scission of DNA, which is thought to initiate homologous recombination (25, 45) and enhances the occurrence of both intra-and intermolecular events in mammalian cells and in bacteria (5, 34, 39) . Two lines of evidence argue against this. First, there was no correlation evident between the extent of plasmid degradation revealed by Southern blot hybridization (Fig. 3 ) and the frequency of plasmid recombination as measured by either assay. Indeed, Werner syndrome fibroblasts, which exhibited the lowest degradation of input plasmid in our experience, were among the most recombinogenic cells assayed (R. Z. Cheng, B. W. Kurz, and R. J. Shmookler Reis, manuscript in preparation). Second, the efficient removal of linear molecules from DNA recovered after passage through either MRC5 or MRC5-SV cells had no effect on the proportion of Neor colonies (Fig. 4B) , thus excluding the possibility that DH5 bacteria, although stringently RecA-, complete recombinations initiated in mammalian cells through DNA linearization.
Analysis of the putative recombinant region, through a quantitative PCR amplification procedure, confirmed that recombinationlike events in transfected DNA are markedly increased in immortally transformed cells (Fig. 6) . The generation of a sharp, discrete band at 0.49 kbp from Hirt supernatant samples (Fig. 6A ) argues strongly that amplifiable sequences, when smaller than the 3.7-kbp E. coli gpt-Neor region initially situated between the primers, are predominantly the products of a precise, homology-dependent process such as gene conversion or homologous recombination. We do not exclude a nonconservative mechanism, such as homologous repair of damaged plasmid termini, as a possible pathway for creating recombinant molecules; indeed, the importance of such mechanisms has been demonstrated in several nonhuman immortal cell lines (3, 12, 25, 48) . With regard to the 0.49-kbp recombinant region generated in mammalian cells, as assessed by extension of flanking primers (PCR), we must emphasize that at present we are unable to evaluate the relative contributions of homologous recombination, gene conversion, and terminal pairing. Any or all of these processes, of course, could contribute to the karyotypic instability of immortal cells.
The cell factors responsible for the observed increase in plasmid recombination in immortally transformed cells remain unknown. Plasmid replication does not appear to occur to a significant degree in the human cell types tested. SV40
T antigen, although altering the interaction of multiple transbinding factors with DNA (15, 38) , does not promote plasmid recombination either directly or indirectly, since the observed rate was not increased in cells known to maintain high levels of T antigen, relative to that of the parental T-antigen-lacking cell line. Moreover, a deletion spanning most of the T-antigen-binding domain in DR1 did not reduce Neor region recombination but rather increased it moderately in the presence of T antigen. This downstream inhibition of recombination may result from local DNA unwinding at the T-antigen-binding region (7), which could impede strand separation elsewhere in the molecule by attenuating its negative superhelicity.
The kinetics of appearance of recombinant molecules in MRC5-SV cells (Fig. 2C and 6C ) indicate a latency period, which may be longer for the production of viable recombinant plasmids than for the local events scored by PCR. This delay, observed in several independent experiments, suggests a possible requirement for entry of cells into S phase before plasmid recombination or resolution can occur. Indeed, a peak of [3H]thymidine incorporation into MRC5-SV cells just preceded the rise in recombination at 24 to 36 h after transfection; however, we noted that recombination was not impaired and in some cases could be elevated, in very slowly cycling cells (data not shown).
Implications. A substantial body of evidence indicates that DNA rearrangement may be a frequent and perhaps necessary event in a multistep process leading to oncogenic VOL. 9, 1989 on July 7, 2017 by guest http://mcb.asm.org/ Downloaded from transformation (6, 11, 14, 24, 33, 51, 53) . Several phenomena mediated by recombinationlike mechanisms (i.e., gene amplification, deletion, and translocation) are prevalent in neoplastic cells (6, 11, 24, 53) . Tumor-specific induction of proto-oncogenes has been shown to involve DNA rearrangements which place a strong promoter-enhancer proximal to a proto-oncogene (6, 22) , gene amplification events (22, 37) , and other uncharacterized chromosomal translocations (6, 53) . Moreover, several carcinogens have been demonstrated to have recombinogenic activity (30, 51) . It is thus possible that an increase in the rate of homologous recombination or of other DNA-rejoining events might be an early, precrisis step in immortalization by DNA viruses, facilitating subsequent events which are jointly required to confer the stably transformed phenotype.
To our knowledge, this is the first direct comparison of recombination frequencies in normal versus immortal cells. Although homologous recombination and gene conversion have been assessed at markers stably integrated into chromosomes of immortal cells (21, 26-28, 30, 35, 39-43, 47, 50) , the loci of integration vary from one such subline to another. The principal obstacle to measuring chromosomal recombination in diploid cells, however, is their limited replicative potential, much of which would be exhausted in obtaining suitably engineered clones for assay by existing methodology. Work is in progress to develop new techniques for the rapid determination of chromosomal recombination frequency, which would then obviate the need for plasmid recombination assays to evaluate diploid cell strains.
Three of the five human permanent cell lines we tested (MRC5-SV, XPA-SV, and 293) are known DNA virus transformants; moreover, HeLa cells contain integrated papillomavirus 11 DNA, in common with a variety of other cervical carcinomas (8) , and may therefore be considered virally transformed. Our data thus indicate an elevation of plasmid recombination associated with transformation to immortality by three DNA tumor viruses from two viral classes (papovaviruses and adenoviruses), as well as one spontaneous tumor cell line of unknown origin (CACL). While this sample is too small to justify general conclusions, the diversity of transforming agents suggest that the changes underlying increased plasmid recombination may reflect a common early event in transformation to immortality. Whether this is a necessary or sufficient condition for transformation by DNA viruses and whether it extends also to retrovirally or chemically induced transformants are questions requiring further study. In any case, such data can only suggest an association between immortal transformation of cells and a recombinationlike process and indicate the need for more incisive experiments to test whether recombinogenic factors play a causal role in cell transformation or in the etiology of cancer.
